Abstract: Radiofrequency ablation (RFA) is a widely used clinical treatment for many types of cardiac arrhythmias. However, nontransmural lesions and gaps between linear lesions often lead to recurrence of the arrhythmia. Intracardiac electrograms (IEGMs) provide real-time information regarding the state of the cardiac tissue surrounding the catheter tip. Nevertheless, the formation and interpretation of IEGMs during the RFA procedure is complex and yet not fully understood. In this in-silico study, we propose a computational model for acute ablation lesions. Our model consists of a necrotic scar core and a border zone, describing irreversible and reversible temperature induced electrophysiological phenomena. These phenomena are modeled by varying the intra-and extracellular conductivity of the tissue as well as a regulating zone factor. The computational model is evaluated regarding its feasibility and validity. Therefore, this model was compared to an existing one and to clinical measurements of five patients undergoing RFA. The results show that the model can indeed be used to recreate IEGMs. We computed IEGMs arising from complex ablation scars, such as scars with gaps or two overlapping ellipsoid scars. For orthogonal catheter orientation, the presence of a second necrotic core in the near-field of a punctiform acute ablation lesion had minor impact on the resulting signal morphology. The presented model can serve as a base for further research on the formation and interpretation of IEGMs.
Introduction
Radiofrequency ablation (RFA) is the gold standard procedure for many forms of cardiac arrhythmias, including atrial fibrillation, when drug therapy is not effective. A corner stone for RFA success is the creation of transmural and continuous scars arising from elevated temperatures due to radiofrequency currents. Unfortunately, the recurrence rate of arrhythmias is relatively high at 35-45% [1] , which means that patients often have to undergo a second procedure. However, to date, there are no reliable criteria for evaluating acute ablation lesions and monitoring the ablation process. Animal and clinical studies have shown that electrogram (EGM)-based criteria can be used to evaluate the formation of single point lesions [2, 3] . In this in-silico study, we investigated the influence of ablation lesions and catheter orientation on the morphology of intracardiac electrograms (IEGMs). We extended an existing model of an acute ablation lesion to cover more complex geometries; that is, those consisting of two point-shaped lesions. By evaluating the simulated IEGMs, new parameters can be identified to assess complex ablation lesions.
Methods

Simulation setup
For our in-silico studies, we solved the finite element bidomain formulation using the cardiac simulation framework acCELLerate [4] . We adapted our computational model of an acute ablation lesion from the model of Keller et al. [5] . The simulations were performed on an isotropic patch of myocardium with a size of 40 mm × 24 mm × 22 mm and a spatial resolution of 0.2 mm. An 8F (2.7 mm) non-irrigated ablation catheter with an 8 mm distal electrode and a 1.2 mm proximal electrode was placed either orthogonally or parallel to the myocardium. The catheter tip deforms the tissue surface by 1 mm for the orthogonal orientation, whereas the parallel orientation results in no tissue deformation. An intracellular stimulus current was applied at the left tissue boundary to initiate excitation propagation. The extracellular and intracellular conductivities of the myocardium were set to 0.264 S/m [6] and 0.40 S/m, respectively, which yielded a conduction velocity (CV) of 800 mm/s (see Table 1 ). According to Clayton et al. [7] , both of these values are within the range of experimental measurements. The myocardium is completely surrounded by blood with an extracellular conductivity of 0.7 S/m and no intracellular conductivity [8] . The conductivity of the electrode was defined to be 10,000 times higher than the conductivity of blood, which resulted in a near-equipotential volume inside the metal. An isolating material was placed between the distal and proximal electrode. The boundaries of the intra-and extracellular domains were implemented with no-flux Neumann conditions and the following constraint was used to fix the extracellular potential ϕ e :
∫︁ Ω ϕ e dΩ = 0.
Ablation models
Keller et al. [5] modeled an acute ablation lesion with a necrotic core and a border zone consisting of six different layers with properties of heated myocardium. We expanded this model to a continuous temperature distribution, where we calculated electrophysiological parameters uniquely for each voxel in the border zone. The action potential (AP) changes were modeled in a ten Tusscher cell model, which was adapted for ischemia phase 1a by Wilhelms et al. [5, 9] . The lesion model assumes a maximum scar width of 10 mm for orthogonal orientation (for parallel orientation: 12.8 mm) and a scar width to depth ratio of 1.25 for orthogonal catheter orientation (for parallel orientation: 1.6) [5] . The intracellular conductivity of the necrotic scar core was set to zero and the extracellular conductivity was set to 0.1 S/m. We estimated the intracellular conductivity for each temperature using the findings of the hyperthermia experiments from Simmers et al. [10] . Subsequently, small patches of myocardium (120 × 30 × 65 voxel elements with a spatial resolution of 0.2 mm) were used to determine intracellular conductivities for different temperatures, while the corresponding extracellular conductivity remained constant. We calculated the CV by using the steepest point in the AP upstroke as reference point for cellular activation. CV over intracellular conductivity σ i was then interpolated with cubic splines to obtain a function for CV (see Table 1 ). The second part of this study deals with a simplified in-silico model for complex ablation lesions. As a first approach, we assumed that the border zones of the first ablation lesion were completely cooled down by blood flow and heat loss due to local tissue perfusion. Inflammation as well as edemas were excluded in this model. The second ablation lesion was set along the x-axis of the first ablation scar. The distance between the center of both lesions was varied between 6.6 and 12.6 mm with a step-width of 2 mm, representing all important scar configurations from mostly overlapping scar cores to ablation lesions with gaps. If the passive necrotic core overlapped the border zones of the second lesion, necrotic tissue was assigned to this region.
Simulation and analysis of IEGMs
We referenced the simulated extracellular potentials with the tissue-distant top voxel layer of our computational setup. The bipolar EGM was obtained by subtracting the For parallel catheter orientation, we distinguished between distal to proximal (DP) and proximal to distal (PD) wave propagation.
proximal EGM from the distal EGM. In order to compare clinical measurements with simulated IEGMs, a transfer function with a first order butterworth highpass at 30 Hz and a first order butterworth lowpass at 250 Hz was used [5] . For comparison, we automatically annotated the following markers in the simulated data as well as from five patients undergoing RFA procedure in the right atrium: positive peak amplitude, negative peak amplitude and the maximum absolute first derivative between positive and negative peak. The deviation of computed IEGMs and clinical IEGMs was quantified by the deviation factor Q V :
where σ clinical is the standard deviation and E is the mean value of each charactistic.
Results
Extracted quantified signal statistics are shown in Table 2 . For orthogonal catheter orientation, extracted mean values are in high accordance with the distribution extracted from clinical IEGMs, resulting in relatively a small Q V value of 2. For parallel catheter orientation with distal to proximal wave propagation, all mean values are in line with the clinical IEGMs, except the upstroke reduction in the distal IEGM. Therefore, Q V results in a rather high value of 107. Proximal to distal wave propagation lead to a similar pattern, but with less total deviation, resulting in a Q V value of 59. In Figure 2 , some of the simulated IEGMs are presented in their filtered state together with the clinical signals for orthogonal catheter orientation. For all cases only a slight change was determined in the proximal IEGM. Therefore, the changes in bipolar IEGMs were dominated by the distal IEGM. This relation was also present for parallel catheter orientation. For complex scars, the visualization goal is not to observe individual changes, but rather to grasp the overall minor changes in signal morphology. Neither the morphology of the IEGM, nor the extracted signal statistic showed major changes.
Discussion
In this computational study, we investigated the morphological changes of IEGMs shortly after the RFA procedure. For this purpose, an existing model of an acute ablation lesion was developed further and subsequently, a first model of a complex ablation lesion was introduced. The in-silico experiments were performed with an 8F nonirrigated ablation catheter, which is often used in clinical ablation procedures. Additionally, the orientation of the ablation catheter and the distances between two ablation lesions were varied on the three-dimensional myocardial patch. This computational setup offered the possibility to evaluate the distal, proximal and bipolar IEGMs for varying lesion geometry and transmurality.
We compared the expanded model with the computational model from Keller et al. [5] and clinical signals during RFA procedures. Compared to the original model from [5] , the deviation factor Q V decreased from 513 to 167. Hereby, a better statistical agreement between our simulated IEGMs and the clinical IEGMs was found with the new ablation lesion model. The simulation setup of the complex ablation lesions was a first step to reproduce more realistic clinical ablation patterns consisting of several point-shaped lesions. With our simplified necrotic coremodel it is not feasible to detect gaps between two ablation scars nor to identify correspondent markers in the IEGMs, especially in retrospect with the natural deviation range seen in the clinical data set. To the best of our knowledge, no computational model exist to investigate more complex acute ablation lesions and cardiac electrophysiology around these areas simultaneously. In a next step, we will implement further modular expansions to the ablation process. We can computationally substantiate many presumptions, such as heat distribution and bio-heat transfer, blood flow and applied contact-force. Moreover, non-irrigated or irrigated ablation catheters of different geometries could be investigated. Simulated IEGMs of this new model have to be compared with clinical signals of more complex ablation lesions, such as linear lesions. Hereby, we will evaluate the changes of the IEGMs to identify robust criteria for describing lesion geometry as well as transmurality.
Finally, we want to highlight that clinical filter parameters are usually overlooked when talking about IEGMs. Signal morphology is strongly dependent on the order as well as on the chosen cut-off frequencies of the filter and therefore, these parameters have to be carefully considered when comparing IEGMs.
